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Abstract: Fiber Bragg grating (FBG) sensors have been widely used for measurements of strain and
temperature in a host of different applications, including aerospace in composite wings, fuselage
structures, and other critical components. Here, we report on a method to measure highly localized
intense stress fields, generated at the initialization point of a crack, or crack-tip, using Fiber Bragg
Gratings (FBG) inscribed in highly photosensitive hydrogenated germanium and boron co-doped
fiber. From the spectral characteristics of short and long FBGs, bonded on a test aluminum coupon
with a crack, which simulated damaged skins of an aircraft, the local stresses near the cracks were
measured and assessed. As a case study, bespoke composite repair patches were designed and
bonded on a coupon, incorporating a number of gratings to monitor the stress distribution with
applied force in the composite patch, near the crack.
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1. Introduction

Asmetal aircrafts age, fatigue cracks will eventually appear in a number of components, which need
to be monitored periodically to ensure safe operation. Depending on the severity and location of the
damage, there are a number of ways to monitor their structural health (SHM) by non-distractive testing
(NDT) with ultrasonic or x-rays directly on the aircraft or in specialized laboratories [1]. One such
example is damage on the aluminum skin of the aircraft that occurs either due to accidents on the
ground or fatigue leading to the formation of cracks, requiring replacement of the section with new
metal, fastened with rivets or bonded with specialized epoxy resins [2]. With the advent of composite
materials, alternative repair protocols can be implemented using composite repair structures or patches,
which can be bonded directly on the skin. A big advantage of this method is the seamless distribution
of stress on the structure without the highly localized stress fields associated with rivets, low weight,
and better durability [3].

Once the damage is located and assessed, a repair protocol is selected which may involve periodic
monitoring to ensure that stresses remain within its designed parameters. Stress gauges have been
widely used over the years for aluminum-based repairs, but they are not well suited for composite
materials due to their size, which prohibits embedment in the composite matrix. In recent years,
Fiber Bragg gratings (FBG), inscribed primarily in germane silica fibers, proved to be compatible
with composites, primarily due to the small diameter fibers, typically 80 to 125 pm, which facilitates
their inclusion in the composite without affecting their structural integrity [2]. As such, FBGs have
demonstrated the ability to measure both temperature and strain by incorporating several of them on a
single fiber, each centered at different wavelengths, to form a quasi-distributed array of [4]. The optical
characteristics of FBGs are determined by their periodicity, refractive index change (An), and length,
which define, respectively, the operational wavelength, spectral linewidth, and peak reflectivity.

In general, the response of FBGs to applied axial stress or temperature results in a corresponding
change to the reflected wavelength without a change in other parameters such as spectral linewidth
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or reflectivity. However, in the case of non-uniform stress fields, as those applied when FBGs are
embedded in composite materials, e.g., undergoing curing, the spectra will change due to residual
variations in the applied forces along the active region of the gratings and spectral broadening or
splitting can occur [5]. This spectral response, to induced non-uniformities in FBG, can be a useful
tool in sensing applications and has been studied extensively by a number of researchers using
piezoelectric ceramics [6] or heating a small section of the grating to alter the spectral response [7,8].
For example, if the heated segment is <1% of the grating length, a transmission window in the reflected
spectrum could be observed, while if the heated region is more than 20%, a secondary peak at a
longer wavelength in the reflectance spectrum is observed [9,10]. If however an FBG is subjected to
transverse forces, i.e., is stressed differently in the x and y axes, with z being the propagation axis, it can
become birefringent, which results in a spectral peak splitting related to the induced stress in the fiber
core [11,12]. Such conditions exist near the tip of the cracks and depending on the length of the grating,
its reflectivity, and orientation relative to the stress, the spectra can be broadened [9,13] or even split
into separate peaks. This can be attributed to induced birefringence or the generation of a secondary
local grating within the original one [10,14].

In this paper, we report on a method to determine the stress fields associated at the tip of a crack
using a long and a very short FBG, inscribed on highly photosensitive hydrogenated boron co-doped
fiber with high index modulation and reflectivity. Both gratings were bonded on an aluminum coupon
and co-located at the tip of a crack. The observed spectral splitting of the long grating with applied
force on the coupon gave an accurate measurement of the highly localized stress fields’ neat crack-tip.
Furthermore, when the spectra of the short and long FBGs were compared, it transpired that a secondary
grating, generated within the long grating, rather than birefringence, was the primary mechanism of
this phenomenon. Based on these findings, an aluminum coupon with a crack, simulating a damaged
skin of an aircraft, was repair with a composite patch which incorporated FBGs in its matrix and used
to assess the performance under stress.

2. Materials and Experimental Setup

2.1. FBG Background

Depending on the applications, the refractive index modulation of an FBG can be constant or
apodized and the periodicity of the grating can be constant (linear) or change along its length (chirped
grating) [15]. A linear grating with a period A = A¢/2 will reflect a specific wavelength A, which satisfies
the Bragg condition. Its reflectivity and spectral linewidth are dependent on the depth of modulation of
the refractive index change (An), of the order 1073 to 107, and the number of periods, (grating length),
ranging from one to tens of mm [15]. Most standard telecom fibers exhibit some photosensitivity to UV
light primarily due to the presence of Germanium doping, required to form the fiber core. However,
for fiber sensing applications, photosensitivity can further be enhanced by hydrogen loading prior to
inscription, reaching refractive index changes as high as 102 [16]. This facilitates the inscription of a
long high-reflectivity FBG as well as very short FBGs with grating lengths ranging from 1 to 3 mm
capable of measuring a highly localized stress field. In long high-reflectivity FBGs, however, only part of
the grating periods is required to fully reflect the guided light at A, thus altering its spectral linewidth.
As such local strain variations are induced by the embedment of FBGs in composites, they can affect
sections of the grating differently, leading to spectral broadening, or birefringence, which can be
calibrated to monitor the curing process [17]. This spectral behavior of long high-reflectivity gratings is
instrumental in measuring highly localized stress fields, as in the case of crack-tips in a coupon under
stress. As will be discussed in more detail in the following sections, the novelty of the method relies on
modifying small sections of a uniform grating differently, resulting in spectral splitting, which can be
calibrated as a diagnostic tool for crack propagation.

The aims of the work were initially to develop a method for measuring the stresses near the
crack-tip of an aluminum coupon which represented a damaged skin section of an aircraft, using a
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long high sensitivity FBG. To aid calibration, a highly reflective short FBG was also positioned in close
proximity to the long grating to gage the stress penetration in the affected region. A second aim was to
apply the results to design a bespoke composite repair patch and, with a number of FBGs embedded in
its matrix, to measure its performance under stress. To achieve this, we enhanced the photosensitivity
of enriched germanium/boron fibers by hydrogen loading and inscribed short, long, and multiple
high-reflectivity gratings, as outlined below.

2.2. Inscription of High-Reflectivity FBG

The inscriptions of gratings use primarily interferometric techniques on different photosensitive
fibers, which usually have higher germanium concentration in the core [15,18]. Fiber photosensitivity can
be determined by the change in the refractive index and calculated using the Bragg condition given as

M- A

An = A (€))

where Ay and A; are the initial and final inscription wavelengths and Ais the grating period. In an older

work, we used telecom SM fibers, with 5% and special 20% germanium and germanium-boron co-doped
fibers (Ge-Bo), with and without hydrogen loading to benchmark their photosensitivity by inscribing
and testing a number of different FBGs [19]. It was established that the high germanium and boron
co-doped fibers (20% Ge) had the highest photosensitivity, producing grating with peak refractive index
modulation An of about 3.5 x 10~3. The equivalent low Ge (5%) hydrogen loaded fibers had a An of about
2.5 x 1074, an order of magnitude lower. In this work, we used the same protocols with hydrogen-loading
and high concentration Ge with boron co-doped fibers (Hydro-Ge-Bo), to inscribe single and multiple
high-reflectivity FBGs, and used them to investigate the stress fields in the coupons.

For the inception of gratings, a Krypton Fluoride (KrF) Excimer laser (Lambda Physik, Gottingen,
Germany) was employed, emitting a rectangular beam (35 by 13 mm) at a wavelength of 248 nm.
The beam was focused along the fiber axis by cylindrical lens, with a focal length of 20 cm on 25 mm
long phase masks, delivering about 100 mJ/cm? per pulse on the fiber. A variable length rectangular
aperture, positioned above the phase mask, adjusted the exposed length of the fiber and hence,
the gratings lengths, as shown schematically in Figure 1. Furthermore, the inscription process was
monitored in real time by coupling light to the grating, via a fiber optic coupler, from a broadband
source and using and the reflected spectra, measured with an Optical Spectrum Analyzer (OSA),
as shown in Figure 1. Using this setup, various bespoke single and multiple high-reflectivity FBGs
were made and characterized.

Cylindrical lens

Excimer Laser

/
4

Aperture

Phase mask

Fiber coupler Broad band Source

OSA

Figure 1. Experimental setup for inscription of Fiber Bragg Gratings.
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The high photosensitivity of the hydro-Ge-Bo fiber enabled the inscription of multiple FBGs with
different periods using the experimental setup shown in Figure 1. The inscription protocol involved
multiple exposures of small sections of the fiber, selected by reducing the size of the aperture above
the phase mask to about 1 to 3 mm. To inscribe several FBGs with the same phase mask, the period
on the fiber was changed by applying a constant tension on the fiber during the illumination phase,
which, when released, gave different periodicities and hence, gratings. Thus, by altering the position
of the aperture on the phase mask fiber assembly and the tension during each exposure, at least five
different gratings could be realized, within the length of a 25 mm phase mask, separated by 1.0 to 3 mm
from each another and peak wavelength 1 to 1.5 nm from each other. Typically, for high germanium
concentration hydro-boron fiber, which was hydrogenated for 90 days in a 170 atmosphere chamber,
a 3 mm grating could achieve a maximum reflectivity, without inducing additional spectral broadening
of about 94%, while for the 25 mm, it is from 98% to 99%.

2.3. Measurements of Stress in Aluminum Coupon and Composite Repair Patch

Two groups of experiments were conducted without and with a composted patch to establish the
stress fields of the “cracked” coupon and subsequently, to assess the performance of the composite
repair. Without the composite patch, the intense stress fields present near the crack-tip altered the
spectral characteristics of a long grating, producing a secondary peak which could be calibrated to
obtain accurate information of the stressing process. With the composite repair patch bonded on an
aluminum coupon and embedded short, long, and multiple high-reflectivity FBGs located near the
edge of the coupon, the stress performance of the repair patch was assessed.

2.3.1. Aluminum Coupon without Composite Repair Patch

The first part of this work focused on measuring the stress near a slot cut at the center of an
aluminum coupon, which represented a crack, by bonding high-reflectivity FBGs close to the crack-tip,
as shown schematically in Figure 2. The deletions of the coupon were 30 cm long by 8 cm wide and
5 mm thickness, and the slot was 25 mm long and 1 mm wide. Specifically, a short and a long FBG,
with respective wavelengths of 1529 and 1548 nm and grating lengths of 2 and 25 mm, were bonded
perpendicularly to the crack at a distance of 1 mm from the crack-tip and within 1 mm of each
other, as shown in Figure 2. The initial spectral linewidth of the short and long FBGs were 0.31 and
0.192 nm with peak relativities of 70% and 97%, respectively. The coupon surface was chemically
etched to provide good adhesion and the FBGs were attached to the coupon with two-part epoxy
resin (Loctite 253 ND), which provided strong bonding. Both FBGs were accurately positioned so the
crack-tip was in the midpoint of the gratings and were completely immersed in the two-part epoxy
glue, which covered 60 mm on either side of the crack. With this arrangement, the short grating
measured only the point stresses at the crack-tip, while the long FBG measured both the average
stresses of the coupon under tension as well as the stresses near the crack-tip, as will be discussed in
more detail in the following section. To ensure the structural integrity of the FBG after the inscription
process, they were protected with a UV cured coating, applied immediately after the laser exposure of
the grating. Spatial attention was required in the ingress points to avoid fiber breakage during the
testing phase. The aluminum coupon with attached FBGs was subsequently placed in a hydraulic
tensioner and subjected to forces 0 to 25 kN, which was well within its elastic limits of the FBGs. Light
from Broadband Sources (BBS), emitting at wavelengths ranging from 1510 to 1590 nm, was coupled
via a 3 dB fiber coupler to the FBG with the reflected signal transmitted back to an Optical Spectrum
Analyzer (OSA), which had a spectral resolution of 0.05 nm, as shown in Figure 2.
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Figure 2. Aluminum coupon with short and long FBGs.
2.3.2. Aluminum Coupon with Composite Repair Patch

The composite patch comprised of a six-layer 0°-90° boron prepreg matrix, covering about 65%
of the total area of the aluminum coupon. The laminates at both ends were staggered to reduce the
likelihood of delamination under stress. To investigate the stress characteristics of the aluminum
coupon with the bonded patch under load, FBGs were embedded in between the third and fourth plies.
Specifically, short (2 mm) and long (25 mm) FBGs were embedded centrally over the crack, 2.5 and
3 mm from the edge of the patch, respectively, indicated as a and b in Figure 3. Furthermore, a multiple
fiber array grating consisting of an array of five short FBGs, each 1.2 mm long, with separation of
2.5 mm from each other, was also embedded in the composite, about 3.5 mm from the edge of the patch,
shown as c in Figure 3. It should be noted that the inscription of such short multiple FBGs, with a
combined length of 16 mm, was only made possible by the use of the very photosensitive hydro-boron
fiber and protocol, shown in Figure 1 and in [19]. The choice of the FBGs locations was determined by
stress analysis, which determined that the maximum force exerted on the composite patch was at the
outer section of the coupon above the crack. For this reason, the gratings were positioned over the
crack with FBG a, b, and c located above the crack, as shown in Figure 3. With this arrangement, all the
FBGs were subjected to the same stress distributions in the composite, measuring the variations in
the peak wavelengths and spectral broadening as a function of applied stress on the coupon/patch
assembly. The use of the close short multiple grating could determine the distinct point stresses of the
surrounding region near and above the crack, which is very useful in assessing the effectiveness of
the repair.

-

D OSA

’
Broad Band Source (BBS)

ong and short and

multiple FBGs

Figure 3. Aluminum coupon with a 6-ply composite patch and short (a), long (b), and multiple (c) FBGs
embedded in between ply 3 and 4 over the crack.
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3. Results and Discussion
3.1. Aluminum Coupon Stress Measurements near the Tip of the Crack

3.1.1. Stress Measurements with Short FBG

To determining the induced stresses at the crack-tip, the aluminum coupon with the bonded short
(2 mm) and the long (25 mm) FBGs was subjected to applied forces and their spectra were measured.
The central wavelength at 20 °C was 1530.1 and 1548.5 nm (at 20 °C), respectively, and the coupon was
placed in a computer controlled hydraulic pulling-jig, which applied tension ranging from 0 to 24 kN.
The FBGs were connected to the BBS and via a fiber coupler, connected to the OSA, while the coupon
was placed in the pulling jig and clamped at the outer edges, as shown in Figure 2. The force was
applied gradually in steps of 0.2 kN, resulting in an extension of 0.01 mm/min. The spectral variations
for the 2 mm gratings are shown in Figure 4a, showing the reflection peak gradually moving to longer
wavelengths with increasing force. The changes in the wavelength peaks with applied force are shown
in Figure 4b and indicate a linear response with a slope of 0.128 nm/kN, indicating that in the vicinity
of the crack-tip and within 2 mm of this grating, the stress fields were relatively uniform. However,
the spectrum exhibits a small but progressive widening of the linewidth, from 0.285 nm, with no
applied force, to 0.412 nm when 24 kN. This indicates a strong variation of the stress fields near the
crack-tip [20], which extend further in the coupon but cannot be measured accurately using this short
FBG. Additionally, spectral ripples, or side-lobes after the main peaks, are also observed, becoming
more pronounced above 14 kN, which are related to small phase changes of the periodic structure,
attributed to interference effects within the grating [10,21]. However, these spectral artifacts are small
due to the small changes in local forces along the length of the 2 mm grating. Therefore, the linear
spectral response of the FBG with applied force, as shown in Figure 4b, can measure reasonably well
the local stress near the tip of the crack, which can be calculated directly from the peak wavelength
shift. The applied stress ¢, on the fiber can be calculated using the equation

2

i—i} = (1—?0 [p12 = vy (P11 +p12)])ez (2)
where A is the peak wavelength with no applied force; 1y is the core refractive index of the GeB
co-dropped fibers (119 = 1.4473); vy is Poisson’s ratio of the fiber, given in the literature as (0.16) [13].
The p11 and p1, parameters are the strain optic coefficient with the indices 1 and 2 being the axial (z)
and transverse (x) axes of the fiber, given in the literature as 0.113 and 0.252, respectively [13]. Figure 4c
shows the local stress of the bonded FBG near the crack-tip, calculated using Equation (2), as a function
of applied force on the coupon. The results in Figure 4b,c verify that the applied stress on the 2 mm
grating is mostly uniform as there is a small distortion to the spectra with increasing stress. It should
be noted, however, that the change in the peak wavelength of 3.89 nm and a change in FWHM of
0.126 nm with applied force shown in Figure 4a, indicate a strong stress gradient in the immediate
vicinity the crack, which extends further in the coupon with applied force. However, due to the small
size of the FBG, this cannot be seen clearly by the spectral behavior of the short FBG but will be more
evident from results of the long grating presented in the following section.
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Figure 4. (a) 2 mm FBG spectral response with applied force near the crack-tip without composite
patch. (b) Peak spectral response with applied force. (c) Stress on bonded FBG near the crack as a
faction of applied force.

3.1.2. Stress Measurements with Long FBG

The spectral characteristics of the 25 mm FBG with applied force can be seen in Figure 5a,
exhibiting a very different spectral response to the short grating. Specifically, when bonded on the
coupon centrally and symmetrically near the crack-tip, the spectral peak without applied stress was
measured at 1547 nm with an initial linewidth of 0.192 nm and a reflectivity close to 97%. However,
with increasing applied force on the coupon, the initial single peak is gradually split into two distinct
peaks, which migrate to longer wavelengths at different rates. The spectral variations of the two peaks
with applied force are both linear and are shown in Figure 5b, with the primary peak (shown in black)
having a gradient of 0.073 + 0.001 nm/kN, while the secondary peak (shown in red) has a gradient
of 0.204 + 0.001 nm/kN. Furthermore, a closer examination of the spectra reveals interference fringes
in between the two peaks, as shown more clearly in Figure 6a, which, according to the literature,
are associated with a Fabry Perot Etalon (FPE) effect [10]. From the Free Spectral Range (FSR) of the
interference pattern, we can calculate the cavity length using the standard relation for the FPE:

/\2
L =
2nAA ©)

where 7 is the fiber core refractive index and A is the free space reflected wavelength of the grating [18].
The calculated FPE cavity length L as a function of applied force on the coupon is shown in Figure 6b.
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Figure 5. (a) 25 mm FBG spectral response with applied force near the crack-tip without composite

patch. (b) Spectral variations of the FBG maximum intensities of the primary and secondary reflected
peaks of with applied force.
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Figure 6. (a) Three distinct peaks spectral response with applied force of the 25 mm FBG. (b) FPE
effective cavity length in mm with applied force.

The spectral behavior of the 25 mm grating could be attributed to either induced birefringence by
the intense transverse stress fields near the crack-tip exerted perpendicularly to the propagation axis
of the fiber [21] or the generation of a second local sub grating near the crack-tip [22]. Birefringence
was first observed by Guemes and Menendez [23] by applying a uniform transverse force along the
length of a 5 mm FBG, generating a dual peak which separated with increasing transverse force, giving
similar results to those shown in Figure 5b. However, in contrast with our work, (a) their spectra
did not exhibit interference patterns, (b) their gratings were five times smaller than ours (5 mm),
and (c) the transverse force was applied uniformly along the length of the FBG. Furthermore, our short
grating (2 mm), which was co-located with the long grating (25 mm) and hence, subjected to the same
transverse forces, did not show any spectral splitting. This indicates that induced birefringence was
not the dominant mechanism for the observed spectral splitting of the long grating.

The alternative mechanism suggested above relies on the way forces are distributed near the
crack, which is located centrally on the grating, and affects differentially the local periods along the
length of the FBG. Specifically, based on crack propagation models, the stress fields near the crack-tip
have a very sharp spatial stress distribution, which is increasing and decreasing rapidly in the vicinity
of the crack-tip [20,24]. These stress distributions increase in intensity and expand further with rising
applied force on the coupon, affecting more periods of the grating. However, at greater distances from
the crack, the stress fields are uniform, similar to those in the rest of the coupon. Therefore, the central
section of the grating is affected by the high intensity stresses present near the crack-tip, while the
outer sections further away measure the residual stress of the coupon. Thus, the grating is effectively
split roughly into two regions, with the two outer sections located in the low stress areas of the coupon
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symmetrically either side of the crack, generating the primary peak. Similarly, the central section is
affected by the high stresses near the crack-tip and generates the second peak, as shown in Figure 5a.
Furthermore, the two regions are in dynamic equilibrium, with the central region expanding while the
outer regions are reducing with applied force.

This mechanism has two important implications for the spectral behavior of the grating, namely
the effective length of the cavity of the FPE and the spectral linewidth of the two peaks. Specifically,
the FPE cavity is formed between the two outer sections of the FBG which act as “mirrors”, reflecting
at the wavelength of the primary peak. The cavity length is directly dependent on the length the
secondary grating in the central section of the grating as it reflects at the wavelength of the secondary
peak. As the stresses near and further away from the crack change with increasing applied force on the
coupon, so do the affected regions of the grating, resulting in a dynamic equilibrium of the outer and
inner periods. Subsequently, this will directly affect the evolution of dual “nested” gratings by altering
FPE cavity length, as the stresses near the crack-tip alter the number of the central periods, effectively
increasing the cavity of the FPE, and inadvertently decreasing the length of the “mirrors”. Using the
FSR from the spectra in Figures 5a and 6a, the cavity length L can be calculated using Equation (3).
The results show that the effective cavity length L increases with applied force on the coupon, reaching
a maximum of about 6.4 mm at 20 kN, as shown in Figure 6b. This mechanism can account for the
observed spectral interference patterns shown in Figure 6a, also reported by Torres [10], who obtained
similar FPE interference fringes, by applying transverse forces in a small central section of a long FBG.
This is an important result as it can measure, perhaps uniquely, high stress regions near the crack.

Another important aspect of this mechanism is that as the lengths of the “nested” gratings alter,
it directly changes the spectral linewidth of the primary and secondary peaks. This can be observed in
the spectra shown in Figure 5a, which show that with increasing applied force on the coupon, there was
an increase to the spectral FWHM of the primary peak, with a corresponding decrease to the FWHM of
the secondary peak. Therefore, as the spectrum of a grating is directly related to the number of periods
and those of the central section increase with applied force, the Full Width Half Maximum (FWHM) of
the secondary peak is reduced. Conversely, the number of the outer periods of the grating forming the
two “mirrors” of the FPE reduces, resulting in the observed increase in the FWHM of the linewidth
of the primary peak, as shown in Figure 7a. The measurements of the FWHM for the primary and
secondary peaks were obtained by the expanded spectra, as shown in Figure 6a, and for applied forces
greater than 4 kN, where overlapping was not an issue.
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- L]
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=
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(a) (b)

Figure 7. (a) Spectral FWHM of primary peak and (b) Spectral FWHM of the secondary peak,
with applied force on the coupon.

The spectral behavior of the long FBG can be used directly to investigate highly localized
stress areas which are inaccessible by other devices. In this application, it is possible to measure
simultaneously the stresses on the coupon, given by the first spectral peak as well as the local stresses at
the crack-tip measured by the second peak. These measurements can be used to correlate and quantify
locally how the crack is affected in relation to the rest of the coupon using a single long high-reflectivity
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grating. This method can potentially be applied to the skins or other structural components of aircraft
and assist in the design and application of a composite repair patch of the damage areas.

3.2. Aluminum Coupon with Composite Patch over the Crack

As outlined above, the sensitive short, long, and multiple FBGs are well suited to measure the
distribution of forces and as a test case, a boron-fiber composite repair patch was bonded on an
aluminum coupon covering the crack and about 65% of the coupon area. As described in Section 2.3.2,
it consisted of six plies, which included a 2 mm and a 25 mm grating as well as a multiple grating.
The gratings were positioned in the high stress region on the composite patch which according to
calculations and the literature is near the edge of the coupon. Thus, the FBGs were located 2.5 mm
from the edge of the coupon and separated by about 0.5 mm from each other, positioned over the crack
in between ply 3 and 4, as shown in Figure 3. By using this geometry, the gratings were subjected to
the maximum stress fields, which effectively are shunted from the coupon to the composite patch.

The spectral behaviors of the 2 mm grating with applied force on the coupon are shown in
Figure 8a, which shows the variation in wavelength with applied force which varied from 0 to 50 kN.
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Figure 8. (a) 2 mm FBG spectral response with applied force in the composite patch, near the crack-tip.
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L |

(b) Peak spectral response with applied force.

Furthermore, the spectral linewidth remains unchanged with increasing stress and the peak
wavelength changed nearly linearly, as seen in Figure 8b, with a gradient 0.043 + 0.002 nm/kN. The peak
wavelength variations of the 25 mm FBG are shown in Figure 9a,b, which shows the typical transition
to longer wavelengths with increasing force having a gradient of 0.031 + 0.002 nm/kN. However, as can
be seen from Figure 9a, the initial linewidth of the embedded FBG has a value of 0.39 nm, much wider
than the inscription value of 0.19 nm, which is attributed to curing-induced stresses transferred on the
grating. Furthermore, with increasing applied stress on the coupon, the spectral linewidth, expressed
as the FWHM of the peaks, increases linearly, reaching a value of 0.95 nm, and having a gradient of
0.009 + 0.0005 nm/kN (Figure 9c). The variations of the FWHM with applied force, shown in Figure 9c,
indicate that (a) the long FBG is firmly embedded in the composite metric, and (b) the forces over the
crack are non-uniform altering the grating periods along the length of the FBG, which increase the
spectral linewidth. Furthermore, the near linear expansion of the FWHM indicates the forces over the
crack are slow-varying, inducing a gradual defamation, or chirp, to the grating with increasing stress,
but it is difficult to deduce the exact force distribution over the length of the FBG, solely on linewidth.
This information could potentially be measured using Low Coherence interferometry techniques [25],
which was not possible due to the noisy environment of the hydraulic pulling gig, but was addressed
by the inclusion of the multiple grating array outlined below. When comparing the results of the short
and long FBGs in the composite patch, it can be seen that, although both are located in the vicinity
relative to the crack, they exhibit very different gradient of 0.043 and 0.031 nm/kN, respectively, due to
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being subjected to different stress distributions. Compering the results from the two FBGs, the 2 mm
grating measures solely the stress fields near the crack, while the 25 mm grating measures the stresses
over a larger region of the composite, which is more representative of the average stress values in the
composite patch.
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Figure 9. (a) 25 mm FBG spectral response with applied force in the composite patch. (b) Peak spectral
response with applied force. (¢) FWHM spectral response with applied force.

To gain better insight into the force distribution in the composite patch, the multiple FBG array
was used, as described in the previous section, consisting of five individual 1.2 mm gratings, separated
2.5 mm from each other, having a total combined length of 16 mm, embedded about 3.5 mm from the
edge of the coupon (Figure 3). The unstressed spectral linewidth of the five gratings ranged from 0.54 to
0.60 nm. The proximity to the crack and their small lengths facilitate this FBG array to determine more
accurately the stress distribution near the crack, not possible with the other two gratings. The fiber
grating array was positioned over the crack with the FBG 2 and FBG 3 located closest and above the
crack, as shown in Figure 3. The spectral behavior of the five FBGs with applied force is shown in
Figure 10a, and the variation of their peak values is shown in Figure 10b. At first glance, the results in
Figure 10b show all the peaks shift more or less linearly, with applied force. However, the guardians of
the five gratings are not the same, as shown in Figure 10c, which shows the guardian of each of the
five FBS with position in mm from the crack, which is located at about 7 mm. Based on Figure 10c,
the guardians ranged from 0.034 to 0.028 nm/kN, with FBG 2 and FBG 3 having lower values due to
their proximity to the crack. These values seem quite close to the embedded 25 mm grating, which has
a value of 0.031 nm/kN, indicating that the composite matrix bridges the force fields evenly over the
damaged area. Furthermore, this result is in close agreement with the near linear spectral linewidth
FWHM expansion of the long grating shown in Figure 9c, which corroborates the smooth transfer
of the forces through the composite. It is also noteworthy that the applied forces on the composite
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repair patch coupon were taken at 90 kN, a value more than four 4 times that of the aluminum coupon
without the patch. Finally, the rather larger gradient (0.043 nm/kN) for the single 2 mm FBG can be
attributed to the fact that this grating was located near the edge of the composite patch and is exposed

to higher and less uniform stresses.
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Figure 10. (a) Spectral response with applied force of five 1.2 mm FBGs embedded in the composite
patch. (b) Peak spectral response with applied force for the five FBGs. (c) Gradient variation of the five
FBGs with proximity to the crack which is located at 7 mm.

4. Conclusions
FBGs are very useful tools for measuring stress fields on the surfaces and inside composite
components in aerospace applications. In this work, we explored the induced stresses on the surface
of an aluminum coupon with a crack by using short and long FBGs, and subsequently, repairing
it with a composite patch with embedded FBGs to assess its performance under stress. Using very
photosensitive hydrogenated germanium-boron co-doped fibers, it was possible to inscribe 2 and
25 mm high-reflectivity FBGs, and to measure the induced stresses very near the crack-tip, by the
spectral variations of the gratings. Both short and long gratings have their individual merits, with the
short being capable of measuring accurately local stresses in the immediate vicinity in the crack as well
as giving some indication of the uniformity through its spectral distortion, as seen by the results from
the aluminum coupon without a patch. Similarly, the highly localized stresses acting on the center of
the long grating resulted in splitting the reflection spectrum formatting dual peaks, which shifted to
longer wavelengths, at different rates with applied force on the coupon. This was attributed to the
modulation of the local grating periods close to the crack, giving rise to the second peak which could
be used to measure the local stress near the crack. These attributes enable long gratings to measure
accurately the intense stress fields near the crack with the secondary spectral peak, as well the local
intrusion in the coupon using the FPE effect generated in the grating structure.
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Based on this work, a composite repair patch was bonded on the “cracked” coupon,
which incorporated a short and a long FBG together with a multiple grating array, which were
used to measure the stress behavior of the coupon near the crack. The gratings were located over the
crack and through their spectral characteristics, it was possible to determine the stress distribution of
the coupon, which could withstand more than four times the stress of the coupon without the composite
patch. The observed increase in the spectral linewidth of the embedded long FBG with applied force
was near linear, verifying that the stress distributions were slow varying over the crack. This was
also confirmed by the observed spectral variations of the five grating array, which had slow peak
transitions with applied force, indicating the forces were redistributed evenly through the composite
patch over the damaged area. Finally, these results verify the utility of FBGs in composite matrix and
how spectral characteristics can be uniquely employed in the assessment of structural behavior.
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